There is now substantial evidence of the positive contribution universities can make to helping firms' innovation. Building university-business collaborations, however, confronts the 'two-worlds' paradox, and the difference in institutional logics and priorities between businesses and universities. Here, we consider whether firms' experience from prior collaboration can generate learning which can help to overcome the two-worlds paradox and improve firms' ability to generate new-to-the-market innovations in collaboration with universities. Our analysis is based on panel data for UK companies and controls for the decision to innovate. We find evidence of significant learning effects which both increase the probability that firms collaborating with universities are able to develop new-to-the-market innovations and then benefit from those innovations. For smaller firms learning effects are strongest from prior collaboration with customers, while for medium and larger firms the strongest learning effects arise from prior collaboration with consultants.
Introduction
There is now substantial evidence from a range of countries on the positive role of universities in helping firms to innovate successfully (Petruzzelli, 2011; Laursen and Salter, 2004; Mansfield, 1995; Bellucci and Pennacchio, 2016) . Paradoxically, however, there is also substantial evidence of the difficulties which firms, particularly perhaps smaller firms, encounter in establishing, structuring and sustaining productive collaborative relationships with universities (Laursen and Salter, 2004) . Building university-business relationships confronts what Hall (2003) describes as the 'two-worlds' paradox, and the difference in institutional logics and priorities between businesses and universities (Dasgupta and David, 1994) . This creates 'orientation-related barriers' and 'transaction-related barriers' to university-business collaboration reflected in conflicts over the creation or exploitation of knowledge, the timeliness (Hamisah et al., 2010) as well as the time-horizon of research projects (Dunowski et al., 2010) , the prioritization and management of intellectual property (IP) and the bureaucracy of university administration (Bruneel et al., 2010) 1 . This paradox often means that, despite significant impacts, firms rate universities contribution to their innovation relatively poorly (Howells et al., 2012) and that levels of university-business collaboration are below those between individual firms (Drejer and Jørgensen, 2005) .
The positive contribution of universities to innovation reflects the wider literature on the role of collaboration for innovation (Love et al., 2011; Woerter and Roper, 2010; Rantisi, 2002) . Numerous studies have demonstrated the value of collaboration with customers (Mansury and Love, 2008; Love and Mansury, 2007) , suppliers (Smith and Tranfield, 2005; Takeishi, 2001) , consultants etc. (Tether and Tajar, 2008) as part of firms' innovation activity. Collaboration may also have other advantages, for example, in sharing risks, in accelerating or upgrading the quality of the innovations made and signalling the quality of firms' innovation activities (Powell, 1998) . There is also increasing evidence that developing external collaborations involves organisational learning as firms' ability to structure and manage such relationships improves with experience (Love et al., 2014a,b) . Two main learning mechanisms are envisaged in existing studies: the possibility that firms may become better at managing or structuring external collaboration; and, the possibility that experience may enhance firms' cognitive capacity to absorb external knowledge extending the number of useful collaborations (Laursen and Salter, 2006; Leiponen and Helfat, 2010) .
Here, we consider: (a) whether learning from prior collaboration helps firms to collaborate with universities in developing new-to-themarket innovation; and, (b) whether prior collaboration contributes to the market success of such partnerships in terms of innovative sales. We focus particularly on new-to-the-market innovation as this creates the potential to generate competitive advantage for the innovating firm and has other advantages in terms of helping the first movers in any technology, to learn rapidly about new markets, and build brand loyalty among customers (Ulhoi, 2012; Markides, 2006; Kopel and Loffler, 2008) 2 . University collaboration may also be particularly important in generating new-to-the-market innovations which involve greater risks associated with technological complexity than new-to-the-firm innovation (Keizer and Halman, 2007; Cabrales et al., 2008; Astebro and Michela, 2005) .
Our analysis makes use of the panel data element of the UK Innovation Survey (UKIS) covering the 2004-2012 period. Utilising that element of the UKIS panel which provides consecutive observations for individual firms allows us to identify causal links between learning processes, collaboration with university partners and innovation. 3 We make three main contributions to the existing literature. First, we examine firms' choice of new-to-the-market innovation strategy, identifying the role of university collaboration as part of firms' innovation decision. Second, we are able to provide evidence on how firms' learning influences the nature and success of future collaboration. And, finally, we connect university-business collaboration to new-to-themarket innovation, an effect which proves both robust and of significant scale.
The remainder of the paper is structured as follows. Section 2 defines the two worlds of university and business innovation and outlines our view of new-to-the-market innovation strategy and firms' collaboration decisions. Section 3 profiles our data and empirical methodology. Section 4 deals with empirical results and Section 5 discusses the implications. Our results do not resolve the two-worlds paradox but do suggest that firms with prior experience of innovation collaboration may be better able to resolve at least part of the paradox when it arises.
Conceptual setting and hypotheses

Two-worlds of innovation
For firms, innovation is most typically an opportunity or marketdriven activity, shaped by their technical and financial resources and their profit and growth ambitions. Yet, the characteristics of innovation activity may vary across sectors with science-based firms focusing to a greater extent on basic research while less science-intensive firms are more concerned with overcoming technical problems and introducing incremental innovation. Further, the size of the firm may also shape innovation strategy with small firms, for example, more likely to undertake innovation in an ad hoc and episodic manner, as a consequence of resource constraints (Corradini et al., 2016) . In each case, undertaking R&D and innovation is, for firms, a means to an end; an investment which is undertaken only when it will generate value for the firm's stakeholders and customers.
For universities, however, knowledge creation is a core activity, an end in itself. Here, the objectives of undertaking research, and in some cases innovation, are more complex, driven by universities' multiple stakeholders and interest groups (Jarzabkowski, 2005) . Researchers' curiosity may play a part in determining universities' investment priorities, but priorities may also be shaped by the requirements of funders, performance agreements, metrics or rankings (Hewitt-Dundas and Roper, 2018) . Moreover, there is considerable heterogeneity within the university sector reflected in institutional differences in strategic priorities and support for university-business linkages and knowledge transfer (Hewitt-Dundas, 2012) . For example, Hewitt-Dundas (2012) found that research-intensive universities in the UK undertook significantly more collaborative and contract research with firms than less research-intensive universities where activity was concentrated more on professional development activities.
The contrasting organisational objectives and incentive structures of universities and firms, compounded by extensive heterogeneity across both types of organisations, make it difficult to achieve the strategic alignment required for successful collaboration. Reviews of research on barriers to knowledge transfer between universities and firms reinforce the characterization of 'two-worlds'. De Wit-de Vries et al. (2018) based on a systematic literature review of the barriers to knowledge transfer emphasise cognitive and institutional differences which create 'orientation-related' barriers to collaboration (Bruneel et al., 2010) . Cognitive differences related to differences in university and firm knowledge bases may also create barriers to effective collaboration (De Witde Vries et al., 2018) . In addition, the culture of universities and businesses also vary, evidenced in differences in social behaviours, norms, beliefs, languages and opinions all of which make collaboration more difficult (De Wit-de Vries et al., 2018) .
One area where institutional barriers to university-business collaboration exist is in the value and ownership of intellectual property (IP), which further accentuates differences between universities and businesses objectives for research and innovation. For firms, proprietary knowledge represents a potentially valuable commercial asset which they might seek to control using either strategic or formal IP protection methods such as patents or trademarks. And, where knowledge is not defensible it may be seen by firms as having little commercial value, however useful (Holgersson, 2013) . For universities, the traditional view was that new knowledge, particularly where its creation was publicly-funded, should be a public good. This prioritised the publication rather than the protection of research results. In more recent years, however, legislative and policy changes -particularly the 1980 Bayh-Dole Act in the USA and subsequent developments internationally -have encouraged entrepreneurial or innovating universities to adopt a more protectionist approach to the intellectual property they develop (Mowery et al., 2004) . In particular, universities have seen the exploitation of IP through spin-outs or licensing as an additional revenue stream (Cesaroni and Piccaluga 2016) 4 . Universities appreciation of the commercial value of IP may have offsetting effects on the ease of forming university-business partnerships. On the positive side, where a firm and university have a common interest in appropriating any benefits from the IP generated from collaborative projects this may help align the partners' strategic interests. More challenging may be the issue of IP ownership, and who should bear the costs of registering and defending any IP. This may lead to an increase in transaction and monitoring costs as R&D collaboration agreements become more complex, costly and time-consuming to develop.
Even where these orientation barriers can be overcome a range of transactional barriers may still stand in the way of R&D or innovation cooperation between the two-worlds of universities and firms (Bruneel et al., 2010) . For firms, and particularly smaller companies, flexibility and market responsiveness are central to sustained competitiveness (Vossen, 1998) . Universities typically operate to different timescales, shaped not by market needs but by institutional and bureaucratic 2 A key issue for innovators in any market place, however, is their ability to sustain their position of market leadership. In some sectors -biotechnology or engineering -this may involve formal strategies such as patenting to protect intellectual property; in other sectors more strategic approaches may be adopted such as frequent changes or upgrades to product or service design. Aggressive pricing also provides a way in which market leaders may protect a position of technological leadership (Ulhoi, 2012 routines reflecting academic calendars and commitments, meeting schedules and the requirements of financial accountability (Perkmann et al., 2013; Galan-Muros and Plewa, 2016) . Universities are characterised as being hierarchical, inflexible organisational structures (Galan-Muros and Plewa, 2016) evident in a culture of 'decision paralysis' (Eppler and Mengis, 2004) . These differences in operational practices may limit universities' ability both to develop and effectively operate partnerships within time-scales which are acceptable to firms. Practical difficulties may also arise in partnership formation. Universities are often large and complex organisations posing significant challenges for firms, particular smaller firms, in seeing universities as appropriate and accessible innovation partners and identifying appropriate individuals to work with. Similarly, universities may have a poor understanding of the technology needs of potential business partners. Initiatives such as technology transfer offices may help to overcome these access issues by acting as intermediaries or boundary spanners, as well as providing support in structuring partnership agreements (Calcagnini and Favaretto, 2016; Comacchio et al., 2012) . Innovation partners which play a bridging role such as consultants or other business service providers may also help overcome such access issues. Furthermore, policy initiatives such as Innovation Vouchers empower firms to approach potential university partners and provide an incentive for university academics to engage with smaller firms (Sala et al., 2016) 
Learning to collaborate for innovation
A firm's decision to invest in innovation depends on the expected post-innovation returns relative to the costs of innovation. The costs and returns of innovation will, in turn, depend both on the firm's capabilities at the time of the decision to invest, and their capacity to match internal organizational structures to the needs of the innovation being pursued (Henderson, 1994; Stringer, 2000) . For example, different kinds of innovation -i.e. incremental or radical, product or process -will induce different competitive effects, address different kinds of market opportunities, and require different knowledge inputs.
Where firms seek to introduce more radical or new-to-the-market innovations specific challenges arise (Kopel and Lofler, 2008; Markides, 2006; Cabrales et al., 2008; Astebro and Michela, 2005) 6 . As Keizer and Holman (2007, p. 30) suggest: 'Radical innovation life cycles are longer, more unpredictable, have more stops and starts, are more context-dependent in that strategic considerations can accelerate, retard or terminate progress, and more often include cross-functional and or cross-unit teamwork. Incremental projects are more linear and predictable, with fewer resource uncertainties, including simpler collaboration relationships' 7 . To overcome and leverage the risks and challenges associated with radical or new-to-themarket innovation investment in internal discovery processes is required. However, as Stringer (2000) notes relying solely on internal R& D activities (and existing organizational routines) is unlikely to result in more radical innovation. Instead, collaboration with external organisations may provide a new source of ideas, knowledge and complementary skills (Hottenrott and Lopes-Bento, 2016) as well as increasing firms' ability to appropriate returns from innovation (Cassiman and Veugelers, 2006) . Such external links can be problematic, however, and prone to failure or early termination due to the difficulties of managing and coordinating collaborative research and allocating its returns (Sampson, 2005) . For example, issues may arise in structuring appropriate contractual arrangements where multiple partners are involved, compounding the uncertainty of R&D project outcomes and the allocation of ownership of any new intellectual property (Ystrom et al., 2015) . The difficulties associated with external knowledge sourcing for innovation have been extensively studied (Sampson, 2005) , with Grimpe and Kaiser (2010 referring to this in terms of 'gains and pains'. They articulate the pains of collaboration in terms of: the potential dilution of firms' resources; a weakening of firms' integrative capabilities; excessive demand on management capabilities in coordinating internal and external R&D efforts; difficulties in agreeing intellectual property rights; and, the costs of monitoring relationships (Audretsch, 2005; Ulset, 1996) . The 'pains' of collaboration may be compounded in the context of university-business collaboration by differences in the organisational logics which shape the two-worlds of business and higher education (Bruneel et al., 2010) .
Striking a balance between the pains and gains from R&D collaboration can be achieved through at least two mechanisms (Schildt et al., 2012) . First, partner choice. Where collaborating partners have similar knowledge bases, e.g. overlaps in technological (specific) knowledge, then the potential for gains from collaboration increase. In such circumstances, knowledge generated externally is better aligned, or relevant, to internally generated knowledge and easier for the firm to absorb and adapt (Schildt et al., 2012) . Careful partner choice therefore addresses Sampson's (2005) observation that one of the main reasons why R&D relationships breakdown are clashes in corporate culture and partners' objectives and expectations. The second mechanism through which the balance of pains and gains of R&D collaboration may be achieved is through experience, defined by Heimeriks and Duysters (2007, p. 29) in the context of alliances as 'the lessons learned, as well as the know-how generated through a firm's former alliances'. Prior experience of external knowledge sourcing may improve partner selection and management routines, reduce transaction costs, and enable firms to more effectively capture the knowledge flows from external collaborators thus, increasing the chances of successful innovation outcome. Firms may also develop a better understanding of the specific capabilities of different partner types and their potential contribution to either incremental or more radical innovation (Miotti and Sachwall, 2003) . Further, firms will learn to discriminate between partners, such as universities, in determining the knowledge available and how it can be adapted and applied in their own context (Laursen and Salter, 2006) .
In addition to prior experience of collaboration, firms' collaboration capabilities may also depend on prior innovation experience. Where a firm has prior experience of undertaking new-to-the-market (NTM) innovation, either building purely on internal knowledge or collaboration, they are more likely to have an understanding of the associated knowledge requirements (Geroski et al., 1997) . Through time, this suggests that firms which engage in persistent innovation and/or collaboration will learn both which types of collaboration are of most value, and how to maximise the payoffs from those relationships. This may be reflected in persistent -or recurrent -collaboration partnerships and, through time, the reduction of barriers associated with different institutional logics, the nurturing of inter-organisational trust (Gulati, 1995) , the exchange of tacit and more fine-grained information and knowledge (Gilsing and Nooteboom, 2006) , and the development of pathways to augment each partners' knowledge base (Bruneel et al., 2010; Das and Teng, 2000; Belderbos et al., 2015) .
Such a persistence of collaboration may be evident in collaborating with the same partner through recurring time periods (i.e. universities), or with a range of different partners (Laursen and Salter, 2006; Roper grants for smaller firms to access knowledge transfer services or intellectual property generated by universities or other knowledge providers. Vouchers can play a catalytic role helping firms to establish relationships with universities for the first time (OECD, 2010) . 6 In this paper we follow the distinction between new-to-the-market and newto-the-firm innovation which is adopted by the UK Innovation Survey (UKIS). New-to-the-market innovation is defined as 'the introduction of a new or significantly improved product onto the firm's market before any other competitors'. Incremental innovation is approached by new-to-the-firm innovation defined as 'a good or service that was essentially the same as a good or service already available from competitors'. 7 See also Leifer et al. (2000) . et al., 2008) . In other words, there is the potential for dynamic economies of scope as management teams learn from collaborative innovation partnerships in one period and apply that learning in subsequent periods.
Hypotheses
NTM innovation is expensive, risky and complex. Firms may therefore seek external collaborators who can augment their own internal knowledge structures and share the costs and risks of innovation (Fey and Birkinshaw, 2005; Nieto and Santamaria, 2007; Un et al., 2010) . Potential collaborators differ, however, both in terms of the breadth and depth of knowledge they possess, but also in terms of their willingness to share that knowledge with prospective partners (Un et al., 2010) . Because of such differences, firms' choice of innovation collaborators will depend on the type of R&D resources they seek to access, which, in turn, depends on their own knowledge profile (Miotti and Sachwald, 2003) .
Notwithstanding evidence that external knowledge sourcing can make a significant positive contribution to firms' innovation performance (Oerlemans et al., 1998; Grant and Baden-Fuller, 2004) , the effect may vary depending on the external partner (Lopez-Vega et al., 2016) . In general, innovation collaboration is more common with supply chain partners -suppliers or customers -than with other organisations such as universities or consultants (Abreu et al., 2008) . Here, orientation-related barriers are lower (Bruneel et al., 2010) and customers and suppliers represent 'local' knowledge partners where knowledge accessed builds on firms' existing resources (knowledge stocks) and capabilities (routines) (Lopez-Vega et al., 2016) . In contrast, 'distant' search with partners such as universities is more difficult, requires new capabilities, and leads to knowledge which is further removed from the firm's current knowledge base but brings greater potential to lead to breakthrough innovation outcomes (Bingham and Spradlin, 2011; Lopez-Vega et al., 2016) .
This suggests that a learning effect exists in external knowledge sourcing along at least two-dimensions. First, through forming collaborations with 'local' knowledge sources, i.e. where cognitive distance is lower, firms develop knowledge sourcing capabilities and reduce orientation-related barriers with their external partners. This enhances not only the firm's knowledge stock but also their capability to collaborate with more 'distant' external partners. That is, 'interactional knowledge stores enable effective expansion of relationship types in the relationship portfolio, which in turn facilitate explorative and exploitative innovation simultaneously' (Fang et al., 2011, p. 746) . Second, through external collaboration for innovation, firms' 'functional knowledge store' is enhanced with further collaborations building on this functional capability (Johnson et al., 2004; Fang et al., 2011) . In other words, external collaboration with non-university partners, i.e. customers or suppliers, and/or consultants 8 reduces orientation-related barriers to co-operation through enhancing both general knowledge of identifying, accessing, co-developing and absorbing external knowledge, as well as specific knowledge related to innovation and the identification of new technological and market opportunities. Some other types of non-university partner -particularly consultants or other business service providers -may also play a bridging role, helping firms to identify relevant university partners and help with introductions or brokering linkages (Bessant and Rush, 1995; Czarnitzki and Spielkamp, 2003) . These arguments suggest:
Hypothesis 1: Learning to collaborate. Prior experience of external collaboration for innovation with non-university partners will increase the probability of subsequent collaboration with university partners.
Beyond the potential for learning arising from collaboration with non-university partners, learning also occurs through recurrent 'distant' collaborations. Bruneel et al. (2010) discuss this in terms of recurrent collaborations with universities helping to overcome orientation-related and transaction-related barriers to collaboration. Their findings support other research (Thune, 2011; Gomes et al., 2005; Hall, 2003; Van Dierdonck and Debackere, 1988) which suggests that, it is through repeated collaboration that routines are established on issues such as research targets, dissemination of results and timing of deliverables. These routines reduce attitudinal (orientation-related) barriers to collaboration for both business and university partners and may also have a -more limited -effect on reducing transaction-related barriers to collaboration, e.g. agreement on intellectual property (IP) issues. Fang et al. (2011) conceptualise this learning effect as relationshipspecific memory defined as the 'stored knowledge of collective insights, beliefs, routines, procedures and policies accumulated from interactions' which is shared between partner organizations (p. 744). In their study of high-tech manufacturing firms in Taiwan they found that the development of relationship-specific memory was fundamental in reducing cognitive distance between partners and the potential for cognitive failure. Recurrent collaboration therefore increases communication and coordination between partners and serves to overcome orientation-related barriers to collaboration such as attitudinal differences and potential conflicts of interest between partners. This suggests that prior collaboration 9 with an external partner -and particularly a more 'distant' cognitive partner (Lopez-Vega et al., 2016) -will result in subsequent collaboration, therefore, in terms of university-business collaboration we anticipate that:
Hypothesis 2: Recurrent collaboration. Prior collaboration with universities for innovation will significantly increase the probability of subsequent collaboration with universities for innovation.
Essentially similar experiential learning effects may also arise from firms' prior experience of undertaking new-to-the-market innovation. These effects arise from the cumulative and path-dependent nature of innovation activity which builds on existing resources, capabilities and relationships. Empirical research on the persistence of innovation has, however, found that while product and (to a slightly lesser extent) process innovation activities persist from one period to the next, firms find it difficult to sustain high levels of innovation over time, with this being particularly difficult for smaller firms (Roper and Hewitt-Dundas, 2008; Cefis and Orsenigo, 2001) . Sustaining an ability to introduce new-to-the-market innovations is likely to require firms to adopt a strategic approach to partner choice (Bengtsson et al., 2015) . For example, Köhler et al. (2012) identify those partner types most strongly associated with success in introducing NTM innovation for a large group of European firms. Their findings suggest that 'science-driven search' with universities and research institutes and 'supplier-driven' search are most strongly associated with NTM innovation. Conversely, 'market-driven' search with customers is most strongly linked to, more imitative, new-to-the-firm innovation. This suggests that firms' innovation strategy -whether focused on NTM or incremental innovation -will influence their external knowledge search behaviour and partner choice (Hung and Chou, 2013; Wu and Shanley, 2009 ). In addition, firms' prior experience of having introduced NTM innovation may act as a signal to university partners of their capability to apply advanced technology in highly innovative ways (Penin, 2005; Nokkala et al., 2008) . This leads to our third hypothesis:
H3: Prior NTM innovation. Prior experience of new-to-the-market innovation will increase the probability of innovation collaboration with universities.
Internal discovery processes and external collaborations with universities and other partners provide the knowledge inputs to the process of innovating. Universities and other public knowledge sources have, arguably, two specific advantages as innovation collaborators for the introduction of new-to-the-market innovation. First, NTM innovation typically requires frontier-edge knowledge which itself is likely to require significant R&D investments such as those made by universities 10 . Second, NTM innovation may create significant economic benefit increasing the potential threat from moral hazard associated with collaborative relationships. Universities and other public knowledge providers generally have little commercial incentive to cheat as well as robust (and sometimes bureaucratic) administration of intellectual property (Kaufmann and Todtling, 2001) . In addition, notwithstanding the two-worlds differences in institutional logics and priorities between businesses and universities which may create tensions around project timelines, rewards and commercialisation (Dasgupta and David, 1994) , co-patenting with Universities has been found to enhance market value and signal to the market the presence of novel technologies (Leten et al., 2013) . This suggests our final hypothesis:
Hypothesis 4: From knowledge to innovation. Collaboration with universities will increase the probability of introducing new-to-themarket innovation.
Data and methods
UK higher education sector
The context for our analysis is the UK. The Higher Education sector in the UK comprises 162 institutions registered as being in receipt of public funding with 136 of these being members of Universities UK. Together these higher education institutions educate 2.32 million students of which approximately 76 per cent are undergraduate students. Estimated total income of these institutions was £34.7bn with 55 per cent of this attributable to teaching activities and 22.5 per cent attributable to research activities 11 .
Over the past 20 years there has been a shift towards the marketisation of higher education in the UK as public funding for universities has declined alongside regulatory changes permitting the entry of new higher education providers. The UK White paper 'The Future of Higher Education' (2003) and the Higher Education Act (1 July 2004) introduced significant changes to investment in higher education and reinforced the commitment of the earlier 1997 Dearing Report ('Higher Education in a Learning Society') and the Lambert review of Business-University collaboration 12 (2003) to more closely align universities with the needs of businesses and the wider economy. Indeed, the UK Government's Science and Innovation Investment Framework 2003-2014 (2004) commented that 'Over the next ten years, it is critical that the levels of business engagement with the science base increase, to realise fully the economic potential of the outputs of our scientists and engineers to turn basic and strategic research into successful new products and services, and to engage more fully with business'. Indeed, UK universities reported a real terms increase of 79.8% in the value of collaborative research undertaken with business between 2003-04 (£698.9 m) and 2014-15 (£1257 m). 13 Although there has been a marked increase in reported universitybusiness engagement, this has been unevenly distributed across the higher education sector. For example, Hewitt-Dundas (2012) considers how UK university's research intensity is reflected in knowledge transfer activity. Academics in less research-intensive universities were found to generate only 10 per cent of the contract research income, 28 per cent of the collaborative research income and 69 per cent of the consultancy income generated by academics in research intensive universities. However, academics in less research-intensive universities generated almost twice (189 per cent) the average income from delivering courses to businesses and the community, compared to academics in research intensive universities. Other studies have also pointed to this heterogeneity in the university sector both in the UK and elsewhere 14 . For example, Haeussler and Colyvas (2011) in examining differences in the motives and attitudes of individual researchers engaging with industry find that, in addition to other factors, institutional and disciplinary characteristics strongly influence the personal motivations of researchers to undertake research collaborations. Further, Bishop et al. (2011) also found that firms derive different types of benefits from collaboration with different universities although the quality of the institution was important, for only a subset of the benefits from collaboration. Finally, Ding and Choi (2011) also identified the presence of heterogeneity in knowledge transfer activities, with academics from prestigious research universities more likely to serve on scientific boards. While there is agreement of the presence of heterogeneity across the university sector, this has predominantly been examined in terms of differences in universities knowledge exchange activity. While acknowledging this heterogeneity, in this paper our main focus is on how firms learn to collaborate with universities, thereby overcoming the two-worlds paradox and the effect of this collaboration on the probability of introducing new to the market innovation.
The UK innovation survey
Our analysis is based on the UK Innovation Surveys (UKIS) which cover the period 2004 to 2014. This survey is non-compulsory and is conducted every two years, resulting in a pooled cross section dataset comprising fives waves of data. Questionnaires were sent by post using as a sampling frame the Interdepartmental Business Register, after stratifying for firm size (in terms of number of employees), region and industry sector. Achieved response rates range from 51.1 per cent in wave 7 (covering firms' innovation activity over the period [2008] [2009] [2010] to 58 per cent in wave 4 (covering 2002-2004) 15 . The UK Innovation Survey applies the definitions and type of questions defined in the OECD Oslo Manual (2005) and, for innovating firms, provides detailed information on the nature of firms' innovation and their collaboration with universities and other partners 16 . The survey also provides information on a range of other firm-level characteristics which we use as control variables (see Annex 1 and Annex 2). Each wave consists of approximately fourteen thousand firms resulting in a pooled database of around seventy-five thousand observations. The UKIS is a sample survey which results in an extremely unbalanced dataset, nonetheless our theoretical framework dictates that our empirical analysis should have a dynamic element. Hence, in order to exploit as much information as possible we employed the conditional mixed process (Roodman, 2011) estimator in Stata 14 which allows us to use all available observations reaching a sample size of approximately 65,000 observations 10 Here, heterogeneity of the university sector is likely to be important with highly research-intensive universities more likely to produce frontier-edge knowledge than less research-intensive universities where the research focus is more applied (see Hewitt-Dundas, 2012 16 Filters included in the UKIS mean that questions on collaboration for innovation are only asked of firms which undertook some innovation in products or services, or processes in the period covered by the survey.
for the full sample.
Dependent variables and collaboration measures
We use two different dependent variables to explore the role of learning from prior collaboration on the success of university-business collaborations in generating (a) new-to-the-market innovations and (b) related sales. In the UKIS respondents who indicated that they introduced either a new or significantly improved product or service were then asked to indicate whether their 'business introduced a new good or service to the market before competitors'. Based on firms' responses we construct a binary variable which takes the value of 1 if the innovating firm has introduced a NTM innovation and 0 otherwise. 39 per cent of innovating firms indicated that they introduced a NTM product or service rather than a new-to-the-firm (NTF) product or service during the survey period (Table 1) . This proportion varied very little between firm sizes (Table 1) . Firms are also asked about the proportion of their sales derived from NTM innovation. This measure -standardly used in studies of firms' innovation activity -provides an indication of the initial market success of firms' NTM innovation activity. This measure averaged 3.8 per cent of sales for our estimation sample (Table 1) .
In terms of university collaboration, our measure is derived from a question 'did your business co-operate on any innovation activities with any of the following: universities or other higher education institutions (HEI)?' 17 and takes the value of 1 if the firm reports a collaboration with a HEI and 0 otherwise. 12.4 per cent of innovating firms reported university collaboration over the 2002-12 period, with such cooperation significantly more likely for larger businesses (Table 1) . Furthermore, prior experience from non-university collaboration, university collaboration and NTM innovation, is captured using lagged variables from the former UKIS wave (i.e. t-1). Hypothesis 2 anticipates, for example, a significant effect of prior university collaboration on the probability to collaborate with a University partner in the current period (t).
Nonetheless, filters included in the UKIS mean that information on collaboration for innovation are only asked of firms which undertook some innovation in products or services, or processes in the period covered by the survey. This means that our analysis is restricted to innovating firms and that at least part of the positive correlation between collaboration and innovation could be by construction rather by variation between collaborating and non-collaborating companies 18 . To address this issue and account for the potential selectivity bias of the relationship between NTM innovation (success) and university collaboration, our third dependent variable reflects firm's decision (not) to engage in innovation either product, service, process and/or organisation.
Econometric strategy
We estimate the following trivariate dynamic and recursive model which simultaneously estimates the joint probability of introducing new-to-the-market innovation (NTMI i ) and the likelihood of collaborating with a university (UNI_COOP i ) conditional on firms' decision to engage in innovation activities (INNODEC i ) 19 .
More specifically, where OTH_COOP t denotes collaboration with other innovation partners, BARRIERS it are a series of variables relating to innovation barriers, and the three FLC t terms are sets of firm and sector level controls specific to each model. The variables BARRIERS it are used to identify 17 In the UKIS firms were asked to indicate separately whether university (and other) collaborators were regional, national or international. Here, we aggregate these variables into a single binary variable which takes value 1 if a firm collaborated with a university regardless of location. In addition, due to the structure of the UKIS questionnaire there is no way of disentangling whether previous collaboration with a particular university partner implies a current collaboration with the same or another university partner. 18 We owe this comment to an anonymous reviewer. 19 We implement this model using the Heckman selection model capability in CMP. See Roodman, (2011), p.191 for illustrative syntax.
the selection model and do appear in Eqs. (1) and (2). ε 1t ε 2t and ε 3t are random errors assumed to be independently and identically distributed as a trivariate normal with unitary variance and correlation coefficient equal to ρ = corr(ε 1t , ε 2t , ε 3t ). Eq. (1) here is the standard innovation production function relating innovation outputs in the current period to knowledge inputs from investment within the firm or external collaborations (Leiponen and Byma, 2009; Leiponen, 2012) . Eq. (2) reflects the effects of learning and expected returns on the probability of collaborating with a university (Love et al., 2014a,b) . Eq. (3) is the selection equation through which we correct for any potential innovation decision selectivity bias (Roodman, 2011) . Models (1) and (2) are estimated conditional on Eq.
(3), i.e. excluding firms not undertaking any innovation.
In principle, we could allow for a feedback loop in our system of equations, i.e. a direct effect of the probability to introduce new-to-themarket innovation on the likelihood of collaborating with a university; however, a coherency problem arises. Gourieroux et al. (1980) and Maddala (1983) prove this model is inconsistent, and prior parameter restrictions are needed in order to be logically consistent. Our assertion is instead that the decision to cooperate with a university in the current period is determined by firms' previous experience of collaboration and from its past innovation activity (Rosenberg, 1976) . This restricts our post-selection sample to those innovators who responded to consecutive survey waves. Annex 3 compares this group with all innovators.
The correlation coefficient between the three error terms (ε1 t, ε2 t, ε3 t) accounts for all possible omitted or unobservable factors that drive both the probability to introduce new-to-the-market innovation and the likelihood of collaborating with a university conditional on the decision to engage in innovation activities. The significance ofˆrepresents a 'proof of the goodness of this approach'. In other words, ifˆis not significantly different from zero, the error terms are not correlated and the model can be consistently estimated using two univariate probit models. On the other hand, ifˆis significantly different from zero, the estimates of two separate probit models are inconsistent and joint estimation is required. Finally, in all models we allow for clustering of errors due to the non-independence of observations within the same firm capturing at least part of any unobserved heterogeneity.
Where our new-to-the-market innovation indicator is binary, it might be appropriate to estimate the three equations using simple probit estimators. However, as we suggest in Hypothesis 1, the decision to cooperate with a university and introduce new-to-the-market innovation may be inter-related with elements of firms' innovation strategy. Potential endogeneity suggests that univariate probit models might produce biased and inconsistent results and we therefore use a modelling strategy which simultaneously estimates the probability of introducing new-to-the-market innovation (NTMI i ), and collaborating with a university (UNI_COOP i ) conditional on the likelihood of undertaking innovation (INNODEC i ). Where our new-to-the-market innovation indicator is the percentage of sales, bounded at zero, we use a tobit estimator again allowing for potential endogeneity of university collaboration. Both models are implemented using the selection model syntax in the CMP module in Stata 14 (see Roodman, 2011, p. 191) .
Explanatory variables
Variables reflecting collaboration with other types of innovation partners are defined in a similar way to that for university collaboration (Table 1 and Annex 1), with the most common collaborators being suppliers (28 per cent of firms) and customers (30 per cent of firms). In the innovation production function (Eq. (1)) we include firms' current decision to collaborate with a university and other types of partners as explanatory variables. However, the decision to collaborate with a University is potentially dependent on previous learning effects from past collaboration with a university and other partners as well as previous new-to-the-market innovation. In Eq.
(2) we therefore incorporate the lagged decisions to collaborate with universities and other types of partners as well as previous new-to-the-market innovation as explanatory variables. Both the decision to introduce a new-tothe-market innovation and collaborate with a university are conditional on the decision to invest in innovation and for this reason we employed the corresponding selection equation.
We have also included in our analysis a set of control variables which previous studies have linked to dimensions of innovation activity. In the innovation production function, we include firms' internal investments in R&D which we anticipate will be positively associated with the probability that a firm will introduce new-to-the-market innovation. Second, we include another binary variable reflecting firms' innovation related investments in design. Furthermore, we have included a dummy variable for the importance of standards in firms' innovation activities and, here, we also expect a positive effect on new-tothe-market innovation. In order to capture any market scale effects we have included a binary variable indicating whether or not a firm was selling in export markets. Previous studies have linked exporting and innovative activity through both competition and learning effects (Love and Roper, 2015) .
Turning to the control variables included in the collaboration model (Eq. (2)), we include two variables reflecting the strength of firms' human resources -the percentage of the workforce which are graduates in science and engineering and the percentage of all other graduates (Freel, 2005; Hewitt-Dundas, 2006) . In addition, we include a dummy variable reflecting the importance of publications as a knowledge source in firms' innovation activities. For both controls we expect a positive effect on the decision to collaborate with a university.
On the right-hand side of the selection equation we include three binary indicators of whether firms encountered financial, knowledge and demand constraints in their decision to invest in innovation (Pellegrino and Savona, 2017) as well as a binary indicator of whether or not the firm has an in-house R&D capability (Love and Roper, 2001; Griffith et al., 2003) . The three constraint variables identify the selection equation as they are not used elsewhere in the model. Finally, in all equations we control for firm size by incorporating the (log) employment in the estimated models to reflect the scale of plants' resources, and we allow for sectoral and temporal heterogeneity by including sectoral dummies at the 2-digit level and wave dummies.
Empirical results
In Table 2 we report dynamic probit models of the innovation strategy decision to develop NTM innovation in collaboration with a university allowing for selection (Eqs. 1 and 2). Both dynamic models include sectoral and time period dummy variables (not reported). We find evidence of significant residual correlations suggesting the simultaneity of firms' innovation and collaboration decisions. This finding is consistent for both our full-sample estimation and for small, medium and larger firms ( Table 2 ). The implication is that for firms of all sizes, strategy choices relating to the type of innovation firms introduce are strongly inter-linked with their decision to collaborate with universities (Monjon and Waelbroeck, 2003; Belderbos et al., 2004) .
Our first two hypotheses relate to potential learning effects. Does collaboration with other types of organisations (e.g. suppliers, customers) for innovation in a previous period help firms overcome the twoworlds paradox (Hypothesis 1)? And, does having prior collaboration with a university mean that firms are more or less likely to continue some similar relationship (Hypothesis 2)? For our full sample we find little evidence of learning effects from prior collaboration with customers, suppliers or competitors (Table 2, part 2). There is, however, evidence that previous collaboration with consultants increases the probability of university collaboration. The scale of each of these effects can be identified from Table 3 which reports the marginal values derived from the models reported in Table 2 . In Table 3 , which relates to the determinants of university collaboration, the coefficient on prior consultancy implies that on average a firm is around 3.4 percentage Table 2 The innovation strategy decision: The probability of introducing new-to-the-market products and university cooperation conditional on the decision to innovate. Notes and sources: UK Innovation Survey, waves 4-9 pooled sample. All models include wave and industry dummies. Standard errors in parentheses * p < 0.05, ** p < 0.01, *** p < 0.001.
points more likely to be collaborating with a university if it previously collaborated with consultants (Table 3) . Those learning effects which prove statistically significant differ between firm sizebands (Table 2) , although as with the consultancy effect for all firms, the effect sizes remain relatively small (Table 3) . For small firms (with less than 50 employees), prior collaboration with customers increases the probability of university collaboration by around 3.1 percentage points, while prior supplier and competitor collaboration have small negative and insignificant effects on the probability of university collaboration (Table 3) . For medium and large firms, prior collaboration with consultants proves significant, increasing the probability of university collaboration by 3.7-7.2 percentage points. Other potential learning effects from prior collaboration prove insignificant (Table 3) . Overall, while we do find some evidence of statistically significant learning effects from prior collaboration, these effects are relatively small in magnitude.
Larger effects, which are consistent across firm size bands, are evident from prior collaboration with universities. On average, past collaboration with a university means that firms are 22 percentage points more likely to engage in university collaboration in the next (three year) period covered by the innovation survey (Table 3) . One significant caveat is worth noting here, however, linked to the nature of the UK Innovation Survey data: We cannot identify whether in periods t-1 and t firms' collaboration is with the same university or different universities. What we are therefore observing is a generalised persistence effect in collaboration with universities, i.e. firms which collaborate with universities in the past are more likely to be collaborating with universities in the current period. It is also possible that this result be a consequence of collaborative projects between firms and universities which are longer than a single survey period (i.e. 3 years) or overlap survey periods and are therefore captured in two survey observations. This collaboration effect remains robust, however, even when we re-estimate the model using a two-wave lag, i.e. university collaboration taking place 2-5 years before the current period 20 . Such positive and significant effects from past university collaboration on the probability to collaborate in the current period indicates a strong persistence effect in university collaboration (Bellucci and Pennacchio, 2016) .
Our third hypothesis relates to the relationship between undertaking NTM innovation in the previous period and subsequent university collaboration. Again, this effect proves positive for all firm sizebands, although significant only for all firms and medium-sized firms (Table 2) . On average, undertaking prior NTM innovation increases the probability of current university collaboration by 3.0 percentage points over and above any effect from prior university collaboration (Table 3) . Possible explanations for this positive effect depend on whether firms undertaking NTM innovation in the previous period were collaborating with a university. For firms undertaking NTM with university collaborators, it is likely that learning effects predominate as experience helps firms to understand the value of university collaboration. For firms undertaking NTM without a university partner a number of learning mechanisms are possible. First, it is possible that through undertaking NTM innovation, firms developed their absorptive capacity which made it easier to collaborate with universities in future (Enkel and Heil, 2014; Bellucci and Pennacchio, 2016) . Second, the experience of undertaking NTM innovation without a university partner may have highlighted the potential value of university input to subsequent developments reflecting firms' own bounded knowledge-base, particularly where firms have substantial absorptive capacity (Belderbos et al., 2016) . Finally, prior NTM innovation may be acting as a positive signal to potential university partners of firms' internal capabilities and therefore their attractiveness as a future partner (Comino and Graziano, 2015) .
Our final hypothesis relates to the impact of university collaboration on NTM innovation itself. Here we anticipate, and find, a positive relationship, with university collaboration increasing the probability that a firm will develop NTM innovation rather than purely NTF innovation by 10.7 percentage points (Table 4 ). This effect is strongly significant and consistent across firm sizebands. It is also consistent with evidence from other studies which suggest the value of collaboration for more radical innovation (Zang et al., 2014) , and the more specific value of university knowledge (Bellucci and Pennacchio, 2016) .
A range of other control variables also prove important in determining the probability of NTM innovation (Tables 2 and 3 ). Design investment, exporting and in-house R&D are all positively associated with NTM innovation. Customer collaboration also proves important, increasing the probability of NTM innovation by 5.9-8.5 percentage points (Table 4) . We find weaker evidence on the value of prior collaboration with consultants, and no significant supplier collaboration effect (Table 5) .
Another standard measure of firms' innovation activity is provided by the share of revenues derived from innovative activity, i.e. from products or services newly introduced or significantly improved during the previous three years. This indicator can be interpreted as a shortterm measure of innovation success -the ability of firms to generate sales from their innovation -but care is necessary in its interpretation as it remains a proportional indicator and therefore depends on not only on firms' innovation activity but the totality of their product/ service portfolio. This said, firms with a higher percentage of sales derived from innovative products/services, and particularly NTM products/services may be able to appropriate higher returns than firms with less innovative product/service portfolios. Our estimation suggests that university collaboration has a strong positive and significant link (7.7-8.7 percentage points) to the share of firms' sales derived from NTM products/services (Table 4 ). As with the probability of NTM innovation a number of other factors are positively and significantly related to NTM sales including design investment and exporting (Table 4) .
Discussion and conclusions
Our analysis suggests three main empirical results which provide some new insight into the formation of university-business collaborations for innovation and the results of that collaboration. First, we do Table 3 Marginal effects of the decision to collaborate with a university conditional on self-selecting to innovation. Full (1) Small (2) Medium (3) Large (4) New to market t-1, (0/1) 0.030** 0.020 0.052** 0.028 (0.014) (0.021) (0.021) (0.020) University collaboration t-1 (0/1) 0.217*** 0.205*** 0.195*** 0.252*** (0.006) (0.008) (0.021) (0.010) Consultancy collaboration t-1 (0/1) 0.034*** −0.016 0.037** 0.072*** (0.012) (0.017) (0.018) (0.025) Customer collaboration t-1 (0/1) 0.004 0.031*** −0.008 −0.002 (0.006) (0.008) (0 find evidence that firms' experience of prior collaborations with nonuniversity partners increases the probability of subsequent universitycollaboration. Specifically, medium and large firms have a higher probability of university collaboration if they have previously collaborated with consultants, while small firms seem to benefit from prior collaboration with customers. In both cases, effect sizes are relatively small, however, at 3-7 per cent. Second, prior university collaboration has a significantly stronger effect, increasing the probability of collaboration by 22 percentage points in the current period. Our other key results relate to the impact of university collaboration on the nature of firms' innovation outputs and suggest consistent benefits across firm sizebands. Collaboration with universities is also associated in our data with a 7.7-8.7 percentage points increase in the probability that a firm will introduce NTM rather than NTF innovation. This effect is broadly similar in size for firms in all sizebands. We also find a consistent positive and significant effect from university collaboration on the probability of firms' sales derived from NTM innovations. In policy terms it is useful to think about our results in terms of a commercialisation pipeline with three phases: the formation of university-business collaborations; the outcome of those collaborations in generating NTM offerings (either products or services); and, the successful commercialisation of these NTM innovations. In terms of the formation of university-business collaborations for innovation, it is clear that larger firms are more active: 15 per cent of larger innovating firms (with more than 250 employees) were collaborating with universities compared to 12 per cent of small firms (Table 1) . This is broadly similar to the pattern of collaboration with consultants: 19 per cent of large innovating firms were collaborating with consultants compared to 15 per cent of small innovating firms (Table 1) . Lower levels of collaboration by small firms may relate to information failures relating to firms' perceptions of the benefits of university collaboration, the capabilities of university partners and their trustworthiness (Hewitt-Dundas and Roper, 2016; Bellucci and Pennacchio, 2016) . If more small firms are to benefit from university collaboration for innovation this means over-coming any such information failures, and the 'two-worlds' paradox which may influence the success of small business-university collaborations. Our evidence suggests that prior collaboration with customers may help smaller firms increase collaboration with universities by around 3.4 percentage points, equivalent to the 'gap' in Table 4 Marginal effects of the probability to introduce new-to-the-market innovations conditional on self-selecting to innovation.
Full (1) Small (2) Medium (3) Notes and sources: UK Innovation Survey, waves 4-9 pooled sample. All models include wave and industry dummies. Standard errors in parentheses * p < 0.05, ** p < 0.01, *** p < 0.001. 
University collaboration decision (0/1)
New to market t-1, (0/1) 0.002 0.002 0.002 0.002 (0.002) (0.003) (0.002) (0.002) University collaboration t-1 (0/1) 1.176*** 1.313*** 1.075*** Notes and sources: UK Innovation Survey, waves 4-9 pooled sample. All models include wave and industry dummies. Standard errors in parentheses * p < 0.05, ** p < 0.01, *** p < 0.001.
rates of university collaboration between smaller and larger firms. This is important as our results also reiterate the important contribution of universities to innovation, and the particular role which universities play for firms whose strategies focus on NTM innovation (Laursen and Salter, 2004) . For these firms, university knowledge may provide the impetus for radical product or service development and the associated first mover advantages (Kopel and Loffler, 2008; Xin et al., 2010) . More broadly, our results suggest the potential role of universities in stimulating NTM innovation, and the potential for related creative destruction processes with both their positive and negative connotations.
Our analysis provides some new insight into the role of learning effects and university collaboration in the commercialisation pipeline for new-to-the-market innovations. Four significant limitations are evident, however. First, in our current analysis we focus on university collaboration as a single entity. Previous studies have suggested, however, that collaboration with local or national universities may yield rather different outcomes to collaborating with international universities (Hewitt-Dundas et al., 2017) . It is also worth noting that our analysis focuses on the UK university sector which has developed along rather different lines to those in other EU countries in recent years. In particular, the marketisation of the university sector has been more extensive in the UK than in some other EU countries with potential implications for university-business collaboration (Hewitt-Dundas and Roper, 2018) . Second, here, to isolate learning from specific types of prior collaboration, we treat collaboration mechanisms as independent both from each other and firms' internal capabilities such as R&D. Other studies of collaboration have suggested potential complementary or substitute relationships between internal capabilities and external cooperation, and between alternative external collaborations (e.g. Cassiman and Veugelers, 2006) . Typically, such studies have been cross-sectional, rather than the dynamic analysis reported here (although see Hagedoorn and Wang, 2012) . Combining potential dynamic or learning effects such as those examined here with an analysis of complementarity or substitutability between firms' different knowledge sources would be a useful extension of the current analysis (Roper and Hewitt-Dundas, 2015) . Third, our analysis here is cross-sectoral and, for the moment we simply control for sectoral contrasts in our analysis. Exploring these sectoral contrasts in more detail may provide further insight into the variety of commercialisation pipelines and suggest a more defined set of policy priorities. In particular, it may be useful to explore how firms' in different sectors and different sizebands connect with research-intensive and less research-intensive universities and examine the benefits they derive. This is not possible with our current dataset, however, and would require information on specific university partnerships beyond that included in the UK innovation survey. Finally, it is important to note that we focus on one specific mechanismuniversity collaboration -which may drive firms' innovation. Other mechanisms such as local knowledge spillovers or informal knowledge sharing (Grimpe and Hussinger, 2013) may also be important either as complementary or substitute knowledge sources. Future analysis which adopts a more holistic view of the sources of knowledge which drive innovation would be a useful extension.
